The structural characteristics and component differences of proanthocyanidins in brown and white cotton fibres were identified by nuclear magnetic resonance (NMR) and matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) analyses. Proanthocyanidins in brown and white cotton fibres were found to contain mainly procyanidin (PC) and prodelphidin (PD) units with 2, 3-cis form (epigallocatechin and epicatechin). However, part of the proanthocyanidins in the white cotton fibres were modified by acylation and were constitutively different from the proanthocyanidins in brown cotton fibres. The relative amount of PD was similar to that of PC in white cotton fibres, while proanthocyanidins in brown cotton fibres consisted mainly of PD units with a relative ratio of 9:1. In brown cotton fibres, the proanthocyanidin monomeric composition was consistent with the expression profiles of proanthocyanidin synthase genes, suggesting that anthocyanidin reductase represented the major flow of the proanthocyanidin biosynthesis pathway. In addition, the structural characteristics and component differences of proanthocanidins in brown and white cotton fibres suggested that quinones, the oxidation products of proanthocyanidins,
Introduction
Naturally coloured cotton is cotton fibre endowed with natural colours. Compared with white fibre cotton, naturally coloured cotton needs little or no processing and dyeing steps during the fabric manufacturing process, which could eliminate dyeing costs and the disposal of toxic dye waste (Yatsu et al., 1983; Dickerson et al., 1999; Dutt et al., 2004) . As there are increasing concerns for human health and the environment, naturally coloured cotton has become an environmentally friendly option (Murthy, 2001) . Unfortunately, only brown and green naturally coloured varieties are currently available, but they are far from perfect due to lower yield, poor fibre quality, and monotonous colour, which has restricted the development of the naturally coloured cotton textile market (Shi et al., 2002; Feng et al., 2011) . In recent years, researchers have improved the fibre quality and yields of coloured cotton by cross-breeding and continuous directional breeding. However, the monotonous colour of the coloured cotton fibre is not yet resolved because of the lack of diversity of available naturally coloured cotton (Kohel, 1985) . Therefore, it is imperative to increase the diversity of available naturally coloured cotton by genetic engineering, which requires dissection of the biochemical and molecular mechanisms of pigment composition and formation in coloured fibres (Xiao et al., 2007; Feng et al., 2013) It has been reported, by extraction and composition analysis, that the colour in brown fibres may have resulted from flavonoid (Zhao and Wang, 2005) and gene (GhC4H, GhCHS1, GhF3ʹH, and GhF3ʹ5ʹH) expression analysis (Feng et al., 2013) . Xiao et al. (2007) , using expression analyses, indicated that the flavonoid structural genes (GhCHI, GhF3H, GhDFR, GhANS, and GhANR) were involved in the pigmentation, and showed that proanthocyanidins may be the pigments in brown cotton fibres by using dimethylaminocinnaldehyde staining. Recently, a comparative proteomic analysis of brown cotton fibres and its near-isogenic line of white cotton fibres was performed, and it was shown that proanthocyanidins could be the main components of the pigments deposited in brown cotton fibres . However, the exact structures and chemical properties of the pigments in brown cotton fibres and the molecular basis of pigment synthesis and deposition remain unknown.
Proanthocyanidins (also called condensed tannins) are derived from the flavonoid/anthocyanin branch of the phenylpropanoid pathway, and were found as prominent compounds in seed, leaves, fruits, flowers, and bark of many plant species (Gabetta et al., 2000; Gu et al., 2004; Dixon et al., 2005) . They are oligomers of flavan-3-ols ( Fig. 1) , such as procyanidins, prodelphinidins, and propelargonidins, and play protective roles against microbial pathogens, insect attack, and UV irradiation (Santos-Buelga and Scalbert, 2000; Solovchenko and Schmitz-Eiberger, 2003; Monagas et al. 2010) . Proanthocyanidins are present as pigments in plant seed coats and regulate a range of colours in seed testa (Lepiniec et al., 2006) . In Arabidopsis thaliana, the proanthocyanidins found in the seed coat consist essentially of epicatechin units (Abrahams et al., 2002; Lepiniec et al., 2006; Pang et al., 2007) . After fertilization, the proanthocyanidins accumulate and aggregate in the skin cell layer with the development of the Arabidopsis seed coat, and render the skin a deep brown colour . The major pigments conferring the colour of the wheat grain coat (testa) were identified as proanthocyanidins (Matus-Cadiz et al., 2008) . Furthermore, flavan-3-ols can polymerize, possibly following an oxidative process, and produce proanthocyanidins that are stored in the vacuoles (Kondo et al., 2000; Tanaka et al., 2000) . Although recently several oxidation products of flavan-3-ols have been identified in vitro (Sawai and Moon, 2000; Mizooku et al., 2003; Krishnamachari et al., 2004) , the oxidative polymerization mechanism is unclear.
To analyse the molecular basis of proanthocyanidins, the structural characteristics and component differences of proanthocyanidins in brown and white cotton fibres were identified by using nuclear magnetic resonance (NMR) and matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS). The variations in content and degree of polymerization (DP) of proanthocyanidins were determined by absorbance and gel permeation chromatography (GPC). Based on chemical analysis, the expression of genes involved in synthesis of the proanthocyanidin precursors was also measured. This work is focused on the molecular mechanism of pigment biosynthesis in brown cotton fibres, and provides new insight into the development of new coloured fibre cotton by genetic manipulation.
Materials and methods

Plant material
Upland cotton (Xincai No. 5, Gossypium hirsutum L.) with brown fibres (brown cotton) and its near-isogenic line (NIL) with white fibres (white cotton) were planted in an experimental field at Shihezi University (44°18ʹN, 86°00ʹE) (Xinjiang Autonomous Region, China). Fibres were carefully excised from developing buds or bolls on selected days post-anthesis (DPA) and stored at -80 °C before use.
Water-extractable proanthocyanidins
Extraction and purification of water-extractable proanthocyanidins in cotton fibres were performed following the method of Lin et al. (2006) . Fresh materials (100 g) were extracted with 1 litre of 7:3 (v/v) acetone/water solution at room temperature for 24 h. The extract was filtered and concentrated to 250 ml under vacuum at 45 °C in a water bath. Then, the concentrates were purified on Sephadex LH-20, the impurities were washed with 50% methanol in water (2% formic acid), and the proanthocyanidins were eluted into a 250 ml conical flask with 7:3 (v/v) acetone/water. The proanthocyanidins were collected from the aqueous phase by freeze-drying after acetone was evaporated from the fraction under vacuum.
Cellulose-bound proanthocyanidins
Extraction of cellulose-bound proanthocyanidins was performed following the protocol described by Lin et al. (2006) . A 3 ml aliquot of an SDS solution (10 g l -1 SDS and 50 g l -1 2-mercaptoethanol in 10 mM TRIS-chloride buffer, pH 8.0) was used to wash the fibre residues after extraction of water-extractable proanthocyanidins. After washing, the flask was infused with 30 ml of butanol-HCl (butanol/concentrated HCl, 95:5, v/v) and shaken on a vortex mixer at 100 °C for 75 min. The extract was then cooled to room temperature and centrifuged at 5000 g for 15 min. The residues were re-extracted three times and the supernatants were collected and taken to dryness under vacuum.
Proanthocyanidin analysis by NMR
The analysis of proanthocyanidins was performed using a superconducting nuclear resonance spectrometer (INOVA 600 MHz, Varian). Proanthocyanidins (200 mg) were dissolved in 1 ml of dimethylsulphoxide-d 6 (DMSO-d 6 ) and transferred through sintered glass filters into a 5 mm diameter NMR tube. Spectra were obtained at 125.78 MHz using inverse-gated decoupling, 45 °C pulse, 0.4 s acquisition time, and a 3.0 s delay. Signal assignment was carried out based on the publication of Czochanska et al. (1980) .
Proanthocyanidin analysis by MALDI-TOF MS
The MALDI-TOF MS spectra were recorded on a Bruker Reflex III instrument (Germany). The irradiation source was a pulsed nitrogen laser with a wavelength of 337 nm, and the duration of the laser pulse was 3 ns. In the positive reflectron mode, an accelerating voltage of 20.0 kV and a reflectron voltage of 23.0 kV were used. The spectra of proanthocyanidins were obtained from a sum of 100-150 shots and calibrated using angiotensin II (mol. wt 1046.5), bombesin (mol. wt 1619.8), ACTHclip18-39 (mol. wt 2465.2), and somatostatin 28 (mol. wt 3147.47) as external standards. 2, 5-Dihydroxybenzoic acid (DHB; 10 mg ml -1 30% acetone) was used as the matrix. The sample solutions (10 mg ml -1 aqueous) were mixed with the matrix solution at a volumetric ratio of 1:3. The mixture (1 μl) was applied to the steel target. Amberlite IRP-64 cation-exchange resin (SigmaAldrich), equilibrated in 30% acetone, was used to deionize the analyte/matrix solution, which was performed three times. Caesium chloride (1.52 mg ml -1 aqueous) was mixed with the analyte/matrix solution at a 1:1 volumetric ratio to promote the formation of a single type of ion adduct ([M+Cs] + ) (Xiang et al., , 2007 Zhang and Lin, 2008) .
Total proanthocyanidin contents in cotton fibre
Proanthocyanidin contents were assayed by the butanol-HCl method (Terrill et al., 1992) . Both the water-extractable and cellulose-bound proanthocyanidins was measured at 550 nm using an ultraviolet and visible spectrophotometer . A standard curve was obtained using purified proanthocyanidins from brown cotton fibre collected 20 DPA. This standard curve was used to calculate the proanthocyanidin contents of the fibres at different developmental stages (three biological repeats and three technical replicates for each sample at different developmental stages). The total proanthocyanidins were calculated by adding the respective quantities of water-extractable proanthocyanidins and cellulosebound proanthocyanidins. The data were analysed using one-way analysis of variance (ANOVA; SPSS11.0 for Windows).
Molecular weight of proanthocyanidins determined by GPC
The molecular weight distribution of proanthocyanidins was analysed by GPC (Agilent 1100, USA) with a differential refractometer detector. A PL aquagel-OH 30 column (Agilent, USA) (7.5 mm×300 mm, 5 μm) was used. The mobile phase was tetrahydrofuran (THF) at a flow rate of 1 ml min -1 . The column temperature was 30 °C and the detection wavelength was 280 nm. The acetylated sample was dissolved in the mobile phase (2.5 mg proanthocyanidin ml -1 ) before being injected (20 μl) into the column. Quantification was performed using the standard curve of polystyrene.
Before GPC analysis, the samples were treated with a 1:1 (v/v) pyridine-acetic anhydride mixture (5 ml for 25 mg of extract) overnight at room temperature. The mixture was poured into distilled water (50 ml) and the precipitate obtained was recovered by vacuum filtration through a 20 μm pore size nylon filter. The acetylated samples were dissolved in THF (2-5 mg ml -1 ) and analysed by GPC. The analyses were done in triplicate and the results were averaged.
RNA extraction and quantitative real-time PCR
Total RNA was extracted from roots, hypocotyls, leaves, flowers, and fibres of brown and white cotton using a modified cetyltrimethylammonium bromide (CTAB) method (Luo et al., 2003) and was stored at -80 °C. The quality of total RNA was verified on a 1% (w/v) ethidium bromide-stained agarose gel. A 1 mg aliquot of total RNA was used for first-strand cDNA synthesis with M-MLV reverse transcriptase (TaKaRa) following the manufacturer's instructions. Quantitative real-time PCR (qRT-PCR) was performed to determine gene expression. The gene-specific primers used for qRT-PCR are listed in Supplementary Table S1 available at JXB online, and the cotton EF1a gene was used as an internal control. The qRT-PCR assays were performed with SYBR Premix Ex Taq (TaKaRa) on an Mx3000p system (Agilent, USA). All experiments were measured in triplicate. Each reaction (25 μl) contained 4 μM of each primer, 2 μl of cDNA (1:100 diluted), and 10 μl of PCR buffer for Eva Green Master Mix. Thermal cycling conditions were pre-incubation at 95 °C for 2 min, followed by 94 °C for 15 s, 56 °C for 20 s, and 72 °C for 20 s for 40 cycles. Each cDNA sample was run in duplicate. Relative expression ratios of target genes were calculated from the standard equation (Bogs et al., 2005) . The expression assay was repeated three times and each assay was performed with three independent technical repeats. The means of the three biological experiments were calculated as the expression level of the genes.
Vanillin staining and Borntrager's test of cotton fibres
The presence of proanthocyanidins in cotton fibres was confirmed using a modified vanillin-HCl method (Liu et al., 2009) . The fibres of brown and white cotton at different stages of development were immersed in 1% vanillin-HCl [0.5 g of vanillin in 4% HCl in methanol (v/v)] for 5 min. The fibres were washed three times with distilled water.
The presence of quinones in cotton fibres was confirmed by the modified Borntrager's test (Sonali and Shekhawat, 2010) . Fibres of brown and white cotton at different stages of development were immersed in 10% ammonia solution for 5 min, and then washed three times with distilled water. The colour changes were recorded and the pigment components in the fibres were analysed.
Results
C-NMR analysis of proanthocyanidins in cotton fibres
13 C-NMR spectroscopy was employed to examine the nature of polymeric proanthocyanidins in cotton fibres (Supplementary Fig. S1 at JXB online). The 13 C-NMR spectrum of proanthocyanidins from brown cotton fibres at 20 DPA displayed clearly that the pigment of brown cotton fibres consisted of mixed components. The spectrum showed typical signals of proanthocyanidins that contained mainly prodelphidin (PD, 3ʹ, 4ʹ, 5ʹ-OH) and a few procyanidin (PC, 3ʹ, 4ʹ-OH) units. The sharp and high signals at 105-110 ppm (C2ʹ and C6ʹ) and 146 ppm (C3ʹ and C5ʹ) indicated the major presence of PD units (gallocatechin/epigallocatechin). The signals at 115-120 ppm (C2ʹ and C5ʹ), 120 ppm (C6ʹ), and 145 ppm (C3ʹ and C4ʹ) were typical of the presence of PC units (catechin/epicatechin). The PC/PD ratio in proanthocyanidins is usually determined according to the relative ratio of the peak areas at 145 ppm (C3ʹ and C4ʹ of PC) and 146 ppm (C3ʹ and C5ʹ of PD). In this case the relative ratio revealed that the proanthocyanidins were composed of 90.1% PD and 9.9% PC units. In addition, the signals of the region between 30 ppm and 90 ppm showed the presence of C2, C3, and C4 in flavan-3-ol units. The two signals at 76.1 ppm and 82.0 ppm were 2, 3-cis and 2, 3-trans isomers, respectively. The high signal at 76.1 ppm was due to the major presence of the 2, 3-cis form (epigallocatechin and epicatechin). The signal at 37.0 ppm (C4 was the extended unit) of the 2, 3-cis form indicated the presence of non-galloylated esters. The result proved that proanthocyanidins in the brown cotton fibres were not modified by acylation. The signals at 68.1 ppm and 72.0 ppm were the terminal units and C3 extension unit, respectively. The 13 C-NMR spectrum of proanthocyanidins from white cotton fibres at 20 DPA also displayed similar components ( Supplementary Fig. S2 at JXB online). The spectrum shows typical signals of proanthocyanidins, containing PC and PD units with the 2, 3-cis form (epigallocatechin and epicatechin). The relative ratio of the peak areas at 145 ppm (C3ʹ and C4ʹ of PC) and 146 ppm (C3ʹ and C5ʹ of PD) revealed that the proanthocyanidins were composed of 48.8% PD and 51.2% PC units. In particular, the signals at 37.0 ppm represented non-galloylated esters, whereas the signal shifted to 34.2 ppm showed the presence of galloylated esters. It was apparent that part of the proanthocyanidins in white cotton fibres were modified by acylation, which was different from the proanthocyanidins in brown cotton fibres (Fig. 1) .
MALDI-TOF MS analysis of proanthocyanidins in cotton fibres
The MALDI-TOF mass spectrum of proanthocyanidins from brown cotton fibres at 20 DPA showed the main components of the proanthocyanidins ( Supplementary Fig.  S3 at JXB online). The masses of the highest peaks of the proanthocyanidin polymers with identified DP increased at a distance of 304 Da, which corresponded to one gallocatechin/epigallocatechin monomer (Zhang and Lin, 2008) . The spectrum of the magnified hexamer ( Supplementary Fig. S3 ) indicated clearly the mass increments of 16 Da and 32 Da (Supplementary Fig. S3 ; Supplementary Table S2 ). These masses indicated that PC units were present with one less hydroxyl group at the aromatic ring B than PD units. The absolute masses of each peak reflected the presence of procyanidin and prodelphinidin. The proanthocyanidins from brown cotton fibres did not contain galloylated subunits like grape proanthocyanidins (Yang and Chien, 2000) . These results were consistent with those shown in the 13 C-NMR spectrum. Following the structures described by Krueger et al. (2000) , an equation was formulated to predict heteropolyflavan-3-ols of a higher DP for proanthocyanidins from brown cotton fibres: [M+Cs] + =306+304a+288b+133 (here 306 is the molecular weight of the terminal epigallocatechin unit, a is the degree of polymerization contributed by the epigallocatechin extending unit, b is the degree of polymerization contributed by the epicatechin extending unit, and 133 is the atomic weight of caesium).
The MALDI-TOF mass spectrum of the proanthocyanidins from white cotton fibres at 20 DPA clearly showed the components of proanthocyanidins ( Supplementary Fig. S4 at JXB online), which were similar to those in brown cotton fibres. The main peaks of the proanthocyanidin polymers with identified DP increased at the distance of 304 Da, which corresponded to one gallocatechin/epigallocatechin monomer (Zhang and Lin, 2008) . A cluster of peaks indicated the mass increments of 16 Da, and 32 Da in the magnified hexamer (Supplementary Fig. S4 ; Supplementary Table S3) , and demonstrated that the polymerized sequence of proanthocyanidin in white cotton fibres contained PC and PD units. A series of peaks were observed and indicated the mass increments of 152 Da compared with the peaks mentioned above (Supplementary Fig. S4 ; Supplementary Table S3) . Part of the proanthocyanidin was galloylated, and galloylated esters were present in white cotton fibres, which was different from the proanthocyanidin in brown cotton fibre. Following the structures described above, an equation was formulated to predict heteropolyflavan-3-ols of a higher DP for proanthocyanidin in white cotton fibres: [M+Cs] + =306+304a+288b+152c+133 (here the equation parameters have the same meaning as mentioned above, c is the degree of polymerization contributed by the galloylated ester extending unit, and 133 is the atomic weight of caesium).
Proanthocyanidin content at different stages of cotton fibre development
In cotton fibre, proanthocyanidins are composed of both water-extractable and cellulose-bound proanthocyanidins (epigallocatechin/epicatechin 3ʹ-O-glucoside). The two forms of proanthocyanidins were separately measured at a wavelength of 550 nm using an ultraviolet and visible spectrophotometer. A standard curve was constructed using waterextractable proanthocyanidins from brown cotton fibres at 20 DPA and then the proanthocyanidin content of the fibres was calculated at different developmental stages. An equation was formulated to predict the amount of water-extractable and cellulose-bound proanthocyanidins: Y=163.2X-16.935 (R 2 =0.995, where Y is the proanthocyanidin content in 1 g of dry fibres and X is the absorbance of water-extractable proanthocyanidins from 20 DPA brown cotton fibre measured at a wavelength of 550 nm). The equation was used to assess the accumulation of proanthocyanidins in the fibres. The proanthocyanidin content in one boll was calculated according to the method of Tian et al. (2012) .
During the development of cotton fibres, the content of proanthocyanidins is high in the early stages of fibre development, and then decreases during the elongation and mature stages in both brown and white fibres ( Supplementary Fig. S5 at JXB online). The accumulation peaks of water-extractable and cellulose-bound proanthocyanidins appeared on 30 DPA. However, the content of proanthocyanidins was higher in brown fibres than in white fibres. In particular, the content of cellulosebound proanthocyanidins in brown fibres was five times higher than that in white fibres (Supplementary Fig. S5B ). Water-extractable proanthocyanidins in the brown cotton fibres were almost the same as those in white cotton fibres ( Supplementary Fig. S5A ). However, water-extractable proanthocyanidins were not detected from 45 DPA in brown and white cotton fibres when the cotton fibres had suffered severe water loss. The total content of proanthocyanidins in brown cotton fibres was higher than that in white cotton fibres. However, the content of proanthocyanidins decreased from 30 DPA in brown cotton fibres possibly because proanthocyanidins were oxidized to quinones, and at this point the brown colour began to appear in the brown cotton fibres.
Molecular weight and DP of proanthocyanidins at different stages of cotton fibre development
The molecular weight distribution of proanthocyanidins was measured using GPC at different stages of cotton fibre development. The DP was then calculated using the abovementioned equations. The trends in molecular weight and DP were similar ( Supplementary Fig. S5C , D at JXB online) during cotton fibre development. In white cotton fibre, the molecular weight and DP showed few changes and were reduced. However, the molecular weight and DP were significantly increased after 25 DPA in brown cotton fibres.
Differential expression of the genes involved in proanthocyanidin biosynthesis
To verify the results of the above analyses, expression levels of the predominant proanthocyanidin biosynthesis genes identified for all steps from phenylalanine to flavan-3-ols were assessed. Compared with white fibres, all of the proanthocyanidin synthase genes were expressed at a higher level in brown fibres ( Fig. 2A) . It has been shown that the cis-form and trans-form of flavan-3-ols were synthesized via leucoanthocyanidin reductase (LAR) and anthocyanidin reductase (ANR) branches, respectively (Xie et al., 2003 (Xie et al., , 2004 Takos et al., 2006) . To study isomer synthesis further, the characteristics and expression profiles of the LAR gene and ANR gene were analysed. The LAR (CAI56324.1) and ANR (ACV72641.1) protein sequences from GenBank were used to scan the Gossypium raimondii (Diploid, D genome) annotated genome protein database (http://www.phytozome.net/ IEsorry.php?refer=/). Both of the genes had one homologous gene identified by the conserved domains, respectively (Supplementary Figs S6, S7 at JXB online). In addition, the expression of GhLAR and GhANR from brown and white cotton fibres in different tissues was measured by qRT-PCR. The results showed that the transcription level of GhLAR in leaves and flowers of brown cotton was higher than that in white cotton, and that the expression level was similar in both brown and white cotton fibres during cotton fibre development (Fig. 2B) . The expression of GhANR in leaves and flowers of white cotton was higher than that in brown cotton. Compared with white cotton fibres, the transcription level of GhANR in brown cotton fibres was significantly higher. The expression level of GhANR in white cotton fibres was decreased during development. However, the gene expression was active in brown cotton fibres and reached its peak at 12 DPA, when the expression level of GhANR in brown cotton fibres was >7 times higher than that in white cotton fibres (Fig. 2C) . For brown cotton, the expression of both GhLAR and GhANR genes was similar in roots, hypocotyls, leaves, and flowers (Fig. 2D) . However, during development, the expression of the GhLAR gene in brown cotton was much lower than that of GhANR, so the transcript level of GhLAR was not measured (Fig. 2D) .
The AtTT12 gene in Arabidopsis encodes a MATE (multidrug and toxic compound extrusion) transporter that could transport potential proanthocyanidin precursor(s) into the vacuole (Debeaujon et al., 2001) . Cotton MATE sequences were obtained from the BLAST G. raimondii annotated genome protein database (http://www. phytozome.net/IEsorry.php?refer=/) using the AtTT12 protein sequence (CAC36941.1). Gorai.006G008600.1 and Gorai.008G097100.1 were identified to have high homology (the e value was zero) with AtTT12, and share 67.65% and 74.80% identity, respectively. GhMATE1a (with the primers, 5ʹ-ATGGGTTCAGAGGAACAGCG-3ʹ and 5ʹ-ATCAGTAATCAAATGTAATGTC-3ʹ) and GhMATE1b (with the primers, 5ʹ-ATGGGTTCAGCAGCTTCTGA-3ʹ and 5ʹ-GCCGCGCCTCTCACTAAGTCT-3ʹ) were cloned from upland cotton (brown cotton fibre, Xincai 5) fibre cDNAs. GhMATE1a encodes a predicted protein of 498 amino acids and GhMATE1b encodes a predicted protein of 506 amino acids. In addition, the genes contain more putative transmembrane domains (TMDs) ( Supplementary Fig.  S8 at JXB online). Phylogenetic analysis suggested that cotton MATEs were grouped into the same group with other species, including Arabidopsis TT12-and TT12-like MATE transporters ( Supplementary Fig. S9 at JXB online). Most of these species, including grapevine (Vitis vinifera) and poplar (Populus trichocarpa), produce high levels of proanthocyanidins. AtTT12 was previously characterized as a Cy3G (cyanidin 3-O-glucoside) transporter and implicated in proanthocyanidin biosynthesis (Marinova et al., 2007) , whereas CAO69962 from V. vinifera was suggested to be a putative proanthocyanidin precursor transporter based on microarray data from V. vinifera plants overexpressing the Arabidopsis TT2-like MYB transcription factors . However, the biochemical function of CAO69962 was consistent with the roles of AtTT12. Medicago MATE1 transported epicatechin 3ʹ-O-glucoside as a precursor for proanthocyanidin biosynthesis and it could recover the seed proanthocyanidin phenotype of the Arabidopsis tt12 mutant (Zhao and Dixon, 2009 ). This group of MATE transporters related to proanthocyanidin accumulation is clearly distinct from the known anthocyanin MATE transporters, anthoMATE1 (AM1), AM3 from V. vinifera, and MTP77 from Zea mays, as well as a nicotine MATE from tobacco ( Supplementary Fig. S9 ) (Gomez et al., 2009; Morita et al., 2009; Shoji et al., 2009 ). Thus, it was deduced that GhMATE1a and GhMATE1b were responsible for proanthocyanidin transport into the vacuoles of cotton fibres. The results of qRT-PCR showed that GhMATE1a and GhMATE1b had higher expression levels in brown cotton fibres than in white cotton fibres (Fig. 2E, F) . The transcript level of GhMATE1a was the highest on 21 DPA, while the GhMATE1b transcript level peaked on 27 DPA in brown cotton fibre. The highest level of GhMATE1a and GhMATE1b in brown cotton fibre was >7 times higher than that in white cotton fibres.
Detection of proanthocyanidins and quinones in cotton fibres
A staining method was used to clarify further the relationship between proanthocyanidins and its oxidized derivatives (quinones) in white and brown cotton fibres. All immature brown cotton fibres turned red when stained with vanillinHCl, but immature white cotton fibres were changed slightly ( Supplementary Fig. S10A at JXB online). The colour of mature brown cotton fibres changed slightly; however, the colour change was not significant in mature white cotton fibres ( Supplementary Fig. S10A ). These staining results suggest that proanthocyanidins were not the direct cause of pigmentation in brown cotton fibres. Borntrager's test was used to detect quinones in brown and white cotton fibres. All immature brown cotton fibres turned orange as the staining time increased, indicating that the content of quinones was very high in mature brown cotton fibres ( Supplementary  Fig. S10B ). In contrast, no colour change was observed in immature white cotton fibres (Supplementary Fig. S10B ). These results indicated that proanthocyanidins were deposited in brown fibres, but not in white fibres, and that quinones were the main cause of colour development in brown cotton fibres.
Discussion
Many studies have been undertaken on the pigments in coloured cotton fibres; however, the pigment composition is not entirely clear. Proanthocyanidins were reported to be the main colour components in brown cotton fibres (Xiao et al., 2007; Li et al., 2013) . Proanthocyanidins are polyphenol compounds found in the plant flavonoid secondary metabolic pathway and exist in three forms: monomer, oligomer, or polymer (Gabetta et al., 2000; Gu et al., 2004; Dixon et al., 2005) . During the process of proanthocyanidin polymerization, the initial unit and extended unit include several different substrates (Porter, 1993) . Yuan et al. (2012) reported that the accumulation of pigments (brown and green colour) was observed at almost the same time both in vivo (field grown) and in vitro (ovule culture) on 20 and 25 DPA. At this time, the fibre cells dehydrated and the brown colour began to appear in brown cotton fibres. Accumulated pigments (or pigment precursors) were then attached to the secondary cell wall of fibre cells. In this study, the structural characteristics of proanthocyanidins from brown and white cotton fibres were analysed on 20 DPA. The 13 C-NMR spectra of proanthocyanidins provide the information on the absolute and relative stereochemistry of the heterocyclic ring (C2-C3), the structures of the chain terminating flavan-3-ol units (Fig. 1) , the ratio of procyanidin (PC) to prodelphidin (PD) extension units, and the value of the average molar mass, according to Czochanska et al. (1980) . The 13 C-NMR spectra revealed that the proanthocyanidins in brown and white cotton fibres contained both PC and PD units. However, the relative amount of PD was similar to that of PC in white cotton fibres, but proanthocyanidins with 90.1% PD units were found in brown cotton fibres. The high signal at 76.1 ppm indicated the major presence of the 2, 3-cis form (epigallocatechin and epicatechin). Part of the proanthocyanidins in the white cotton fibres were modified by acylation (galloylated esters) and seemed to be different from the proanthocyanidins in brown cotton fibres ( Supplementary Fig. S1 at JXB online). Acylated proanthocyanidins have also been reported from a number of legumes. Most of these involve gallic acid, typically attached as an ester at C3 of one or both of the ring systems of the parent compound. For example, (-)-fisetinidol (4α→8)-(+)-catechin 3-O-galloyl ester has been reported from the heartwood of Burkea africana (Fabaceae: Caesalpinioideae) (Malan et al., 1988) . In addition, several of the prorobinetinidins in Stryphnodendron adstringens (Fabaceae: Mimosoideae) appeared as galloyl esters (De Mello et al., 1996) . Also, epigallocatechin (epicatechin) and their gallate esters showed different antioxidant capacities in vitro. Hernández et al. (2006) showed that epicatechin quinone and epigallocatechin gallate quinone, the oxidation products of epicatechin and epigallocatechin gallate, increased up to 100-and 30-fold, respectively, in tea plants exposed to 19 d of water deficit, demonstrating that epigallocatechin possesses higher oxidation efficiency.
In addition, the total proanthocyanidin content and DP were higher in brown cotton fibres than in white cotton fibres. Similarly, the total oligomeric proanthocyanidin content was significantly higher in red wines than in white wines, averaging 177.18 mg l -1 in red wines and 8.75 mg l -1 in white wines (Sánchez-Moreno et al., 2003) . However, the proanthocyanidin content decreased from 30 DPA when water loss occurred in the fibre cells. This may be the result of proanthocyanidins being oxidized to quinones (Aguiar et al., 2005; Cheniany et al., 2012) . Hernández et al. (2006) showed that water stress enhanced the oxidation of epigallocatechin and epigallocatechin gallate to their respective quinones, which are relatively stable oxidation products of flavan-3-ols derived from a phenoxyl radical intermediate (Tanaka et al., 2002) . Here, vanillin-HCl staining showed that the content of proanthocyanidins in mature brown cotton fibres was lower than that in immature brown cotton fibres. Borntrager's test indicated that the quinone content was gradually increasing during the later stages of fibre development, and was higher in mature brown fibres. This can be attributed to the gradual oxidation of proanthocyanidins to quinones during the late stage of brown fibre development. At this time, the brown colour began to develop in the fibres. The structural characteristics and component differences of prothocanidins in brown and white cotton fibres suggest that quinones, the oxidation products of proanthocyanidins, were the direct contributors to colour development in brown cotton fibres.
The metabolic pathway of proanthocyanidins is a branch of the flavonoid secondary metabolic pathway, which is responsible for the wide colour range found in flowers, fruits, seeds, and other tissues in plants (Peters and Constabel, 2002; La Camera et al., 2004; Koes et al., 2005; Gould and Lister, 2006) . The proanthocyanidin metabolic pathway is complex, and most related genes have been cloned and studied in various plants (Bogs et al., 2005 (Bogs et al., , 2007 Lepiniec et al., 2006; Deluc et al., 2008) . Compared with white fibres, all of the proanthocyanidin synthase genes were up-regulated in brown fibres ( Fig. 2A) . Importantly, two enzymes, LAR and ANR, function in proanthocyanidin biosynthesis branches (Fig. 3) . LAR and ANS share the same substrate, flavan-3,4-diol (leucoanthocyanidin), which is converted to the proanthocyanidin unit 2,3-trans-flavan-3-ol (catechin) by LAR (Tanner et al., 2003) or to anthocyanidin by ANS (Saito et al., 1999) . The latter compound can serve as a substrate for ANR to produce another major proanthocyanidin unit, 2,3-cis-flavan-3-ol (epicatechin; Xie et al., 2003;  Fig. 3 ), or be converted to anthocyanins by glycosylation and esterification. Thus, although catechin and epicatechin only differ by the stereochemical configuration at the C2 and C3 positions (trans-or cis-, respectively), they are synthesized by two quite distinct pathways (Fig. 3) .
In brown cotton, some reports have indicated that the flavonoid secondary metabolic pathway was related to pigmentation. A comparative proteomic analysis was performed to identify the differences between brown cotton fibres and white cotton fibres from the NIL of brown cotton. Twenty-one spots were associated with secondary metabolism, 15 with high abundance in brown cotton fibres were involved in flavonoid biosynthesis, and ANR was significantly up-regulated at 12, 18, and 24 DPA in brown cotton fibre. The qRT-PCR analysis showed that the transcription levels of GhPAL, GhCHI, GhDFR, Gh3GT, GhANS, and GhANR genes were higher in brown cotton fibres than in white cotton fibres . The transcript levels of GhC4H, GhCHS, GhF3ʹH, and GhF3ʹ5ʹH genes were markedly higher in developing brown fibres than in white fibres from the NIL (Feng et al., 2013) . In the present study, gene expression analysis indicated that the transcript level of GhANR was higher during brown cotton fibre development and peaked at 12 DPA. The transcript level of GhLAR could not be measured compared with that of GhANR during brown cotton fibre development, which confirmed that PC and PD were epigallocatechin and epicatechin units.
In the brown cotton fibre, the epigallocatechin and epicatechin units were not modified, but were galloylated in the white cotton fibres and may have acted as the key choice for the transporter. GhMATE1a and GhMATE1b were grouped into the same clade as AtTT12 and TT12-like MATE transporters from several other species, with biochemical functions consistent with AtTT12 and the V. vinifera MATE transporter CAO69662 in proanthocyanidin biosynthesis (Marinova et al., 2007; Terrier et al., 2009) . Medicago MATE1 transported epicatechin 3ʹ-O-glucoside as a precursor for proanthocyanidin biosynthesis (Zhao and Dixon, 2009 ). In addition, malonylation increased both the affinity and transport efficiency of flavonoid glucosides for uptake by Medicago MATE2 (Zhao et al., 2011) , which was not grouped with GhMATE1a and GhMATE1b. Furthermore, GhMATE1a and GhMATE1b genes had higher expression levels in brown cotton fibres than in white cotton fibres.
Proanthocyanidin precursors were transported to plant vacuoles by a transporter (MATE), which involved a series of oxidative polymerizations by a condensing enzyme . In plant vacuoles, oxidative polymerization related to proanthocyanidins has not been defined. There are three candidate enzymes related to the oxidative polymerization of proanthocyanidins: plant polyphenol oxidases (PPOs), plant laccases, and plant peroxidases. PPOs are probably the condensing enzymes for proanthocyanidins . PPO has dual activities related to monophenolase and diphenolase. Monophenolase activity results in the hydroxylation of monophenols to o-diphenols, whereas diphenolase activity results in oxidation of o-diphenols to quinones (Chazarra et al., 2001) . Xie and Dixon (2005) reported that PD and PC were oxidized to quinone by PPO. Quinone is an active electrophilic molecule, and can be polymerized with nucleophilic molecules (such as catechin and epicatechin) by covalent binding. The rapid polymerization of quinones leads to black, brown, and red pigment formation in plant fruits and seeds (Sun et al., 2006) . Vanillin-HCl staining and Borntrager's test also indicated that the content of proanthocyanidins was high in the early stages of brown cotton fibre development, but the content of quinone was very high in mature brown cotton fibres, suggesting that proanthocyanidins were gradually oxidized to quinones in the late stages of brown fibre development. In conclusion, proanthocyanidin biosynthesis is crucial for pigment development in brown cotton fibre, while quinone is a direct constituent of the brown colour. The key reactions for proanthocyanidin metabolism in brown cotton fibres are shown in Fig. 3 .
In spite of the significant progress that has been made in understanding proanthocyanidin structures and their biosynthesis in cotton fibres, many questions still remain unanswered, among which are the following. Are non-acylation proanthocyanidins in brown cotton fibres beneficial to oxidative polymerization? If proanthocyanidins are polymerized in the vacuole, how are they then transported to the extracellular space? Which candidate enzymes are involved in oxidative polymerization of proanthocyanidins in brown cotton fibres? How can we regulate the proanthocyanidin metabolics in cotton fibre and cultivate more coloured cotton? Future efforts should be made to address these questions.
Conclusion
Biochemical analysis of proanthocyanidins extracted from brown cotton fibres and white cotton fibres of an NIL revealed differences in the structure and composition of proanthocyanidins in brown and white cotton fibres. NMR analyses demonstrated that the flavan-3-ols in brown and white cotton fibres were in the 2, 3-cis form, but part of the proanthocyanidins in the white cotton fibres were modified by acylation. However, the PD relative percentage was similar to that of PC in white cotton fibres, and proanthocyanidins with 90.1% PD were found in brown cotton fibres. The proanthocyanidin monomeric composition was consistent with the expression profiles of proanthocyanidin synthase genes, suggesting that ANR represented the major flow of the proanthocyanidin biosynthesis pathway in brown cotton fibres. In addition, the structural characteristics and component differences of prothocyanidins in brown and white cotton fibres suggested that quinones, the oxidation products of proanthocyanidins, were the direct contributors to colour development in brown cotton fibres. This was supported by vanillin-HCl staining and Borntrager's test. Therefore, quinone accumulation may be the molecular basis for coloration in brown cotton fibre. Characterization of the structures and compositions, coupled with biosynthesis analysis, of proanthocyanidins may help to reveal the remaining mysteries regarding pigmentation in brown cotton fibres. A better understanding of these processes will ultimately help in the manipulatation of pigment production in cotton fibre.
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